MicroRNAs (miRNAs) have been shown to play vital roles in multiple malignant processes, including colorectal cancer (CRC). 1 They function as post-transcriptional suppressors through imperfect binding to their target mRNAs and subsequently inducing either translational repression or mRNA destabilization. 2 MiR-21, the only miRNA found to be overexpressed in any type of solid tumor, is located in the 3 0 untranslated region (UTR) of the vacuole membrane protein 1 (VMP1) gene at chromosome 17q23.2.
3 Pre-miR-21 is further processed by RNase III complex which generates miR-21-5p and miR-21-3p, each 22 nucleotides (nts) in length. Cells preferentially select the less stable one (called guide strand) and destroy the other one (called passenger strand). 4 MiR-21-5p, the guide strand of miR-21, has been extensively studied in CRC. Its expression was significantly upregulated in CRC preneoplastic/neoplastic parenchyma and stroma, 5, 6 and even in serum. 7 Higher level of miR-21-5p may predict tumor relapse and poor survival. 8, 9 Recently, it has been identified that both the guide and the passenger chain could target equal numbers of genes and that both were able to suppress the expression of their target genes. 4 However, few studies focus on the passenger strand, miR-21-3p, in CRC. It has only been reported that miR-21-3p was significantly higher in feces of preoperative CRC patients compared to controls and significantly decreased after curative surgery, 10 indicating its potential oncogenic role in CRC, which needs to be further explored. Moreover, based on the data from next generation sequencing platform, the discovery of isoforms (isomiRs) that arise from the same arm as the archetype miRNA and have slightly different 5p and/or 3p termini is beginning to overturn the classical "one arm-one miRNA" view. 11 IsomiRs appear as a variation in length from the canonical sequence annotated in miRBase, due to an addition or deletion of one or more nts at the 5 0 or 3 0 ends or both. 12 IsomiRs are identified recently by bioinformatics method; however, their role is unclear. In our study, we will analyze miR-21-3p isoforms in CRC based on The Cancer Genome Atlas (TCGA) data and in vitro studies.
METHODS

Tissue samples
Expression levels of miR-21-3p were measured in 27 human CRC tissues, which were collected from the First Affiliated Hospital of Soochow University in 2014. The clinical characteristics of all patients are listed in Supporting Information  Table S1 . The study was approved by Soochow University for Biomedical Research Ethics Committee, and all patients provided informed consent.
Cell culture
Human CRC cell lines, including CACO2, DLD, HCE-8693, HCT116, HCT-8, HT29, LoVo, LS174T, RKO, SW480, SW620 and human embryonic kidney cells, HEK293T, were cultured and authenticated as described previously.
13
RNA extraction and quantitative real-time polymerase chain reaction Total RNAs were isolated and reverse transcribed as previously described. 14 The primers used for detection of mRNA of genes related were shown in Supporting Information Table  S2 . GAPDH was amplified as an endogenous control. For the quantification of miRNA, we applied TaqMan miRNA Reverse Transcription Kit and Taqman miRNA Assay (Cat. 000397 for has-miR-21-5p and 002438 for has-miR-21-3p). U6 (Cat. 001973) was the endogeneous control. Comparative quantification of target gene was determined using the 2 2DDCt method.
Protein isolation and Western blot
The experiments were performed as previously described.
14 Whole cell protein was extracted using RIPA buffer supplemented with a protease inhibitor tablet (Roche). Western blot analyses were performed with anti-E-cadherin (Santa Cruz), anti-N-cadherin (Boster), anti-SMAD7 (Abcam) and anti-GAPDH (Proteintech) antibodies. All experiments were performed at least three times.
Generation of stable cell lines
SW480 and HCT116 cell lines stably expressing miR-21-3p or scrambled control (NC) were constructed using a lentiviral shRNA technique (GeneChem), as previously described by our laboratory. 15 
Migration and invasion assay
Cell migration and invasion were studied using Costar Transwell plates (6.5 mm diameter insert, 8.0 mm pore size, polycarbonate membrane; Corning Sparks). CRC cells were plated at a density of 4 3 10 5 cells per 200 ml in the transwells 1 day for migration and 2 days for invasion. The cells were then fixed with methanol for 20 min at room temperature. After fixation, colonies were stained with 0.5% crystal violet for 30 min. The membranes were then dried, inverted and mounted on microscope slides for analysis. Images of 10 random fields for each membrane were captured at room temperature via a Nikon microscope. Counts from all 10 fields were averaged to obtain a mean cell count for each membrane. All experiments were performed at least three times. The results are given as mean 6 standard deviation of cell migration and invasion relative to the vehicle control.
Metastasis of xenografts
In our study, 2 3 10 6 CRC cells (HCT116 and SW480) with miR-21-3p stable transfection or controls were injected into the lateral vein in the nude mouse tail (BALB/c, SPF grade, 4-5 weeks-old, male, eight mice in each group). After eight weeks, mice of each group were killed. Pulmonary and hepatic tissues were collected for metastatic foci evaluation and histopathological study. All animal experiments were approved by the Animal Care and Use Committee of Soochow University.
Immunohistochemistry
Tissues were probed with the indicated antibodies as previously described. 14 Negative controls (NCs) were performed by replacing the primary antibody with phosphate buffered saline. The slides were analyzed separately by two pathologists without knowing the patients' clinical information. Representative images were taken by a Nikon ECLIPSE Ni scope with color camera and were processed with NIS-Elements D 4.10.00 software.
Confocal microscopy
CRC cells seeded on coverslips in 24-well plates overnight were transfected for 24 hrs and then the cells were fixed, permeabilized and stained with the indicated antibodies. The images were processed similarly as described in Immunohistochemistry section. All experiments were performed at least three times.
What's new? MicroRNAs (miRNAs) play a vital role in many malignancies, including colorectal cancer (CRC). Two forms of miR-21 miRNAs have been implicated in CRC: "miR-21-5p" (called the "guide strand") and "miR-21-3p" (called the "passenger strand").
Higher levels of miR-21-5p may predict tumor relapse and poor survival. On the other hand, miR-21-3p and its variants are not well understood. In our study, the authors analyzed the role of miR-21-3p isoforms in CRC and found that they may also affect prognosis. Further study is needed to clarify the molecular mechanisms involved.
Plasmids, transient transfection and luciferase assay
The construction method was the same as described previously. 14 The 3 0 UTR of SMAD7 was synthesized (GenScript, China) and cloned into pMIR-REPORT vector as SMAD7-wild. The predicted binding sites to miR-21-3p were mutated, and it was designated as SMAD7-mut. The transient transfection and luciferase reporter assay (Promega) were performed at least three times. Each transfection included SV40 as the endogenous control. MiR-21-3p mimic and NC were purchased from RiboBio (Guangzhou, China). MiRNA isoforms were chemically synthesized by RiboBio (Guangzhou, China).
Bioinformatics
We downloaded the miRNA isoform data and clinical information from TCGA involving tumor tissues of colorectal adenocarcinoma (COADREAD) (http://gdac.broadinstitute. org/runs/stddata__2016_01_28/data/COADREAD/20160128/). The TCGA miRNA isoform data were hg18 version, which was then compared to the latest hg38 version. For each miRNA hairpin arm, we considered an "active window" that extended six nts beyond the boundaries of the "archetype" miRNA that is currently listed in miRBase21. Only reads that mapped within each arm's active window and whose length ranged from 16 to 28 nt inclusive were kept and processed further. For the indication of each isomiR, we adopted the method reported by Loher et al., 16 by combining its common name (e.g., miR-21-3p), and two numbers separated by a vertical bar, for example, miR-21-3p 11|-1. The first number indicates the relative position of the isomiR's 5 0 terminus with respect to the archetype's 5 0 end, whereas the second number indicates the analogous relationship for the isomiR's and the archetypes's 3 0 termini: a positive sign (1) indicates that the isomiR's terminus is downstream from the archetype terminus (in 5 0 !3 0 direction); A negative sign (-) indicates that the isomiR's terminus is upstream of the archetype's terminus. Using this notation, miR-21-3p 0|0 denotes the archetype miRNA that arises from the 3p arm of the mir-21 precursor.
Target genes of miR-21-3p were identified by the R package multiR. All experimentally validated genes and those predicted by at least two databases were selected for further analysis. The 3 0 UTR sequences of all these 262 target genes were extracted and put in RNA22 to identify miRNA response elements and to compare the binding difference between miR-21-3p 0|0 and miR-21-3p 0|2. One nt mismatch in the seed region of miRNA was allowed. Those with p < 0.05 were identified as effective target genes.
Quality control and statistical analysis
As shown in Fig. 1a , for quality control, to exclude lowly expressed isomiRs, we considered for statistical analysis only isomiRs that had >100 reads in at least one sample. As the average sequencing depth (number of total reads) for COADREAD samples was 8.9 M reads, this threshold corresponds to a threshold of about 12 reads per million (RPM). To identify isomiRs with high variety, miRNAs with the median number of isoforms in all samples less than three were deleted. For each sample, if the miRNA harbors more than its median number, it is categorized as "more," otherwise "less." We compared samples to different microsatellite stabilities and performed v 2 test. Ten miRNAs demonstrate significant difference in isomiRNA variety in different groups (Supporting Information Table S3 ). Then, we explored the distribution of the 10 miRNAs isoforms in all samples. Only miR-21-3p and miR-425-5p isoforms showed two peaks in the histogram, indicating two heterogeneous groups of samples (Supporting Information Fig. 1 ). Considering the vital role of miR-21-5p, we focused on its passenger strand, miR-21-3p, in the further study.
The expression level of isomiRs was demonstrated as RPM values. The expression difference between different groups was detected by the R package DESeq2 (http://www. bioconductor.org/packages/release/bioc/html/DESeq2.html). For other quantitative variant, the Student's t-test was used to detect the difference in two different groups. For categorical variables, the v 2 test was applied to find the difference between different groups. The different survival times according to different varieties or quantities of miRNA isoforms was estimated by using the Kaplan-Meier method and compared by the log-rank test. All tests were two-sided unless specified otherwise. All of the statistical analyses were performed with R software (version 3.2.3; The R Foundation for Statistical Computing).
RESULTS
More varieties and quantities of miR-21-3p isoforms were significantly associated with microsatellite instability Based on TCGA COADREAD data, we first counted the isoform number of each miRNA. About 24.2% (88 of 364) miRNA showed only one single isoform, 67.0% (244 of 364) between 2 and 10 isoforms and only 8.8% (32 of 364) miRNAs harbored more than 10 (>10) isoforms (Fig. 1b) . There are 10 and 30 isoforms for miR-21-3p and miR-21-5p, respectively. The distribution of the 5 0 and 3 0 termini of the isomiRs around the termini of the archetype miR-21-3p was shown in Figure 1c . The 3 0 termini of the isomiRs exhibited more diversity than the 5 0 termini did. Then, we tested the distribution frequency of isomiRs. The frequency of miR-21-5p isoforms showed near normal distribution, which was not the case for miR-21-3p. We observed that there were two summits in the frequency distribution for miR-21-3p isoforms (Fig. 1d) . Further examination revealed that more miR-21-3p isoforms occurred in proximal colonic adenocarcinoma and microsatellite instability (MSI)-type (Fig. 1e) . As we know, proximal colon including ascending and transverse colon 17 is the preferable site for MSI. In addition to the variety of isoforms, we further tested the quantity of isoforms in different groups of microsatellite state (Fig. 1f) . Four major Tumor Markers and Signatures isoforms of miR-21-3p, 0|21, 0|0, 0|1, and 0|2 showed higher expression level in MSI-H group (Fig. 1g) as well as in proximal colonic carcinoma, except miR-21-3p 0 | 2 with marginal significance (Fig. 1h) .
MiR-21-3p promotes cell migration and invasion both in vitro and in vivo
Although miR-21-5p has been extensively studied in CRC, few studies focus on miR-21-3p. We found that the expression of Tumor Markers and Signatures miR-21-3p archetype was significantly higher in CRC tissues compared to its normal counterparts (p < 0.001) (Fig. 2a) . Then, we quantified the expression of miR-21-3p in a panel of CRC cell lines. Generally, the expression level was low, except in RKO cell line (Fig. 2b) . HCT116 and SW480 were selected in the further study.
We found that over-expression of miR-21-3p may promote cell migration (Fig. 2c) . Further invasion assay also indicate the stronger mobility of cells transfected with miR-21-3p mimic compared to those with NC (Fig. 2d) . In addition, we also found CRC cell lines transfected with miR-21-3p showed more metastatic foci both in lung and liver. Those with NCs transfection only metastasized to fewer lungs (Fig. 2e) . However, we did not find any positive or negative effect on cell growth when miR-21-3p is overexpressed (Supporting Information Fig. 2 ).
MiR-21-3p enhances epithelial-mesenchymal transition both in vitro and in vivo
Then, we want to find the underlying mechanism of its positive effect on cellular movement. We examined the protein level of E-cadherin and N-cadherin, two important markers in epithelial-mesenchymal transition (EMT), after transfection of miR-21-3p mimic. We found decreased levels of Ecadherin and increased levels of N-cadherin in both HCT116 and SW480 cell lines (Fig. 3a) . Further immunofluorescence assay also indicate the same trend. It was identified that loss of epithelium marker, E-cadherin, accompanied by acquiring of mesenchymal marker, N-cadherin occurred after overexpression of miR-21-3p (Fig. 3b) . In further in vivo assay, immunohistochemical examination revealed that in implanted tumors due to subcutaneous injection with either SW480 or HCT116 with miR-21-3p stable transfection exhibit lower levels of E-cadherin and higher levels of Ncadherin (Fig. 3c) , which confirmed the EMT promotion effect of miR-21-3p.
SMAD7 may be the regulatory target of miR-21-3p in CRC
We further searched for the regulatory targets of miR-21-3p. SMAD7 aroused our interest, for its 3 0 UTR contains three binding sequence of miR-21-3p (Fig. 3a) . Over expression of miR-21-3p could decrease the expression level of SMAD7 significantly both in RNA level (Fig. 3b ) and protein level (Fig. 3c) , indicating the negative regulatory effect of miR-21-3p on SMAD7. Further reporter assay also supported that the wild 3 0 UTR of SMAD7 contains binding site for miR-21-3p, when the binding sites are mutated, the regulative effect disappear (Fig. 3d) . However, we did not perform any further test because SMAD7 itself has been thoroughly studied in CRC. 18, 19 Different miR-21-3p isoforms showed variable effect on CRC At present, miR-21-3p seems to be an oncogene in CRC for its promotion of cellular mobility through EMT. Whether the function of different isoforms was the same? We further analyzed the effect of miR-21-3p isoforms on cellular behavior. Interestingly, different isoforms showed different abilities of migration. Cells transfected with miR-21-3p 0|2 showed the least number of migrated cells compared to that of other isoforms (Fig. 5a ). The survival analysis based on TCGA data also support that higher expression level of miR-21-3p 0|2 was a favorable marker for patients' prognosis even after adjustment of cancer stage, while no other isoforms showed significant results (Fig. 5b) .
DISCUSSION
In our study, we focused the role of the passenger strand of miR-21 in CRC. Generally, the study of miR-21-3p is relatively rare and the result is not consistent in different cancers. It is revealed that miR-21-3p was involved in the carcinogenesis of squamous cell carcinoma and was upregulated in those cancer tissues, including the skin, laryngeal and cervical tissues. [20] [21] [22] [23] In CRC, Wang et al. has reported that miR-21-3p was significantly upregulated in adenomas and cancer tissues, compared to the normal mucosa. 24 Our study also revealed that miR-21-3p may be a potential oncomiRNA in CRC. However, miR-21-3p may also inhibit the Tumor Markers and Signatures growth of hepatoma cells. 25 Cancer heterogeneity may explain the inconsistency, and we should also be cautious in explaining the role of miRNA in different settings. It is widely accepted that one miRNA may target different genes and one gene may be regulated by numerous miRNAs. 26 In our study, we found the regulatory targets of miR- MiRNA isoforms an emerging concept proposed by bioinformatics researchers. Many tools have appeared to search and recognize isomiRs. 28, 29 We also found several features of miR-21-3p isoforms in CRC based on TCGA data. Previously, there were several independent studies described MSIassociated candidate miRNAs, but only part of the candidates overlapped with each other. [30] [31] [32] [33] [34] Here, we found that more varieties and quantities of isomiR-21-3p occurred in MSI type of CRC, indicating not only miRNA itself but also its isoform features could be used as a biomarker for MSI-CRC. We further analyzed the sequence feature of miR-21, and there is a microsatellite sequence in the upstream of pre-miR-21; however, its molecular mechanism needs further study. We also guess that the different number of nts in different isoforms may partly influence the complementary reaction of miR-21-3p and miR-21-5p. The level of miR-21-5p was the lowest when transfected with miR-21-3p 0|2 (Fig. 5c) . As miR-21-5p was a famous "onco-miRNA" in CRC, 35 lower level of miR-21-5p may explain the cells' decreased migration ability. We further compared the target effect of different miR-21-3p isoforms. Based on the prediction of the R package multiR and the online tool RNA22, three different genes were found only targeted by miR-21-3p 0|2, but not other isoforms (Fig. 5d) . All three genes, CCND1, PDCD10 and LIN28B were reported oncogenes and that may also explain the favorable effect of miR-21-3p 0|2.
In conclusion, in our study, we have found that miR-21-3p may promote cellular movement through promoting EMT with different effects of different miR-21-3p isoforms. The variety and quantity of miR-21-3p isoforms was positively associated with MSI in CRC.
